Growing demand for efficient wastewater treatment systems leads to the development of new technologies. Biofilm-based reactors can be used for the treatment of a variety of wastewaters and these reactors are resistant against toxic environment. Bioreactors, such as sequencing batch biofilm, moving bed biofilm, and etc. are advanced techniques to treat various types of wastewaters with diverse operating conditions. Ammonium oxidizing bacteria (AOB), nitrite oxidizing bacteria (NOB) and Anammox (anaerobic ammonium oxidation) bacteria are reported to be responsible for nutrient removal. In recent decades, the performance of these systems is widely studied and compared for a number of wastewater treatment applications. In general, they are particularly suitable, for high-rate nitrification and nitrogen removal. The efficiency of these reactors has been confirmed in the laboratory and large-scale plants. Their efficiency depends on surface area of the biocarrier, the filling percent volume of biofilm carriers, organic loading and diffused aeration supply. 50% to 98% removal in chemical oxygen demand removal was reported for <12 h of hydraulic retention time, 0.2 mg/L to 6.5 mg/L dissolved oxygen concentration and temperature range of 15-35 °C. Also, the ratio of nitrate to ammonium conversion was from 0.2 to 90 and N 2 conversion was from 0 mg to 8.5 mg. This review This article has been accepted for publication and undergone full peer review but has not been through the copyediting, typesetting, pagination and proofreading process, which may lead to differences between this version and the Version of Record. Please cite this article as doi: 10.1002/jctb.5692
Introduction
Excess nitrogen loads have been recognized to be one of the serious causes which adversely affect the water quality 1 .Worldwide, there is an effort to reduce the emissions of nitrogen compounds to the surface waters and the atmosphere 2 . Ammonia is the most abundant inorganic nitrogen in various wastes and wastewaters, such as municipal wastewater, landfill leachate and livestock waste 3 . Excessive discharge of ammonia into the water environment can cause toxicity to aquatic organisms and hence eutrophication 4 . When aquatic ecosystems experience increased nutrients, the phytoplanktons and other photosynthetic plants growth explosively, commonly known as algal blooms 5 . The algal blooms limit the amount of dissolved oxygen (DO) required for respiration by other animal and plant species in the water 6 . In extreme cases, the anaerobic conditions encourage the growth of bacteria that produce toxins. Algal blooms are highly toxic and once the water reaches the anaerobic conditions, the growth of more toxic bacteria is promoted. The consequence is extensive deterioration of water quality and a decline in the availability of clean drinking water 7 .
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This article is protected by copyright. All rights reserved. Because biological nitrogen (N) removal is more effective and relatively inexpensive, it has been adopted as compared to the physicochemical processes 13 . Conventional biological N removal has been widely applied at full scale to treat wastewater 14 , it is based on autotrophic nitrification and heterotrophic denitrification.
Nitrification (biological oxidation of ammonia to nitrate through nitrite) is an economical and sustainable means of ammonia removal as it eliminates the need for chemical addition 15 . The first nitrification step is N-NO 2 -formation (1), and the second step (2) is N-NO 3 -formation [16] [17] [18] NH 4 + + 1. 
Nitrifiers are slow-growing microorganisms. Growth in suspension requires long residence times, or diluted feed streams (a situation frequently found in domestic wastewater treatment processes) [19] [20] [21] . In these cases, biofilms can represent an effective solution to successfully retain biomass in the reactors 22 . Several technologies based on
This article is protected by copyright. All rights reserved. Biofilm processes are commonly used for nitrification 28 . In recent years, many systems have been tested and applied, mainly for the industrial wastewater, to pilot and full-scale plants, such as moving bed biofilm reactors, sequencing biofilm batch reactor, and membrane bioreactors 24, 29 . Different types of nitrifying bioreactors are summarized in Table 1 . This review will discuss the most widely used nitrifying bioreactor systems in recent decades which have been proved to be very efficient.
Biological nitrogen removal
In conventional treatments, the biological removal of nitrogen from wastewater requires a two-step process: autotrophic nitrification and heterotrophic denitrification. During nitrification NH 4 + is converted to NO 2 -and further to NO 3 -with molecular oxygen as the electron acceptor. The oxidation of ammonium is generally attributed to Nitrosomonas europaea, and the oxidation of nitrite to Nitrobacter agilis 30 .
In the second step, denitrification is generally performed by a heterotrophic bioconversion process under anaerobic (anoxic, precisely) conditions. The oxidized
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This article is protected by copyright. All rights reserved. These new processes are based on the partial nitrification of ammonium into nitrite combined with the anaerobic oxidation of ammonium. Briefly, SHARON process involves the partial conversion of ammonium to nitrite; ANAMMOX presents the anaerobic ammonium oxidation process and CANON process removes nitrogen completely autographic by nitrite in a reactor under limited oxygen conditions. Their most prominent advantages are the reduction of energy demand, the absence of external carbon addition and the lower production of sludge compared to conventional treatment.
This article is protected by copyright. All rights reserved.
Moreover, they offer potential for improving the efficiency of nutrients removal.
However, these new technologies meet some challenges for introduction and application in a large-scale plant and need to be optimized for better treatment of contaminated water in high-strength wastewater 31, 34, 35 .
Membrane biofilm reactors

Moving bed biofilm reactor (MBBR)
Moving bed biofilm reactor (MBBR) has been established as a very effective technology for nitrogen removal in wastewater treatment 36 . It has been successfully used for municipal and industrial wastewater including pulp and paper industry wastewater, poultry processing wastewater and dairy wastewater [37] [38] [39] [40] . MBBR is being considered as an upgrade option for an increasing number of wastewater treatment facilities due to its small footprint and feasible operation 41 . This process relies on the use of moving carriers in which microorganisms' form biofilms. Thus, the slow-growing microorganisms, such as nitrifying bacteria can be retained in the system without being washed out. However, application of MBBR in wastewater treatment has received much attention now due to their high efficiency 42 . The possible experimental setup of MBBR is shown in Figure 1 .
The objective of the MBBR systems is to achieve the growth of the biomass as a biofilm on small carriers, which have a lower density than water 39 . The carriers are continuously kept in the tank and are able to move freely in the reactor without sludge recycling. The systems include a submerged biofilm reactor and a liquid-solid separation unit 43, 44 .
Nitrification in moving bed biofilm reactor has been studied to identify the key limiting conditions. In particular, the key factors include the effect of the bulk oxygen concentration, temperature, ammonia concentration and the organic loading rate 45 .
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This article is protected by copyright. All rights reserved. The biofilm growth can be affected by the constant collision and shear of media, the effective internal surface area is an important design factor 36 . Trapani et al. reported that the fill fraction is an important parameter which must be considered depending on the treatment objectives. They concluded that fill fraction is responsible for the creation of
This article is protected by copyright. All rights reserved. Finally, MBBR has been recognized as an ideal process for nitrification, it allows a good bacterial proliferation due to the carriers while allowing to sustain a high-density population of nitrifying bacteria 36 .
Membrane aerated biofilm reactor (MABR)
Membrane aerated biofilm reactors (MABR) are commonly understood as the combination of membrane filtration and biological treatment using activated sludge (AS)
where the membrane primarily serves to replace the clarifier in the wastewater treatment
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This article is protected by copyright. All rights reserved. observed that complete nitrogen removal (100%) can be achieved by membrane biofilm reactors 23 . Figure 2 shows a schematic diagram of the laboratory-scale MABR that is used for nitrification.
Recently, there has been a growing interest in reactor systems using MABRs because of their several advantages over conventional systems, their ability to remove nitrogen and for their efficient potential low energy oxygen transfer 65 . MABR represent a new technology for aerobic wastewater treatment. Oxygen diffuses through a gas permeable membrane into the biofilm where oxidation of pollutants, supplied on the biofilm side of the membrane, takes place 66 . In the MABR, the biofilm grows on an oxygen-permeable membrane. It allows a simultaneous nitrogen and organics removal 67 . Hibiya et al.
reported 90% removal of total nitrogen from modified domestic wastewater up to 150 days by using the MABR 67 . COD and nitrogen removal rates obtained from published MABR trials are consistently higher than any other wastewater treatment technologies processes in current use, such as MBBRs 68 . Figure 3 shows schematically the diffusive and advective fluxes of oxygen and soluble wastewater constituents in an MABR.
In addition, MABRs attain higher gas transfer rates compared to conventional bubble aeration. The simultaneous removal of COD and nitrogen from wastewater is ensured by MABR with smaller tank sizes with significant energy savings and specific microbial
This article is protected by copyright. All rights reserved. The simultaneous nitrification and denitrification are allowed when the oxygen delivery through the membrane is precisely controlled 67 . According to a study carried out by
Yamamoto et al. a handling trans-membrane air pressure provision can control the nitrification rates in MABR. They also reported that the ratio of the oxygen flux to the ammonia flux was the crucial parameter for controlling nitrogen conversion 75 . Lackner et al. demonstrated that the oxygen transfer rate and partial pressure can determine the success of nitrification in MABRs. Furthermore, high oxygen concentration at the biofilm base compromised the ability to optimize reactor operation for high nitrification efficiency by adjusting the oxygen flux via the gas pressure 76 . Very high specific
This article is protected by copyright. All rights reserved. 
Biofilm airlift suspension reactor (BASR)
The biofilm airlift suspension reactor (BASR) is an attached growth system that consists of two concentric tubes. Air is introduced at the bottom of the inner tube of the airlift part. A schematic representation of the BASR is given in Figure 4 .
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The introduction of air creates a difference between the fluid density in the riser (rising column) and that in the downcomer. As a consequence, it creates mixing between the liquid and the carrier. In addition, air added to the reactor provides the oxygen needed to degrade the substrate. On top of the airlift part, there is a three-phase separator which is used to retain the biofilm particles in the reactor controlling the oxygen concentration seems to be the most practical method to obtain optimal nitrification in BAS reactors. They concluded that varying the oxygen concentration was the most practical method to obtain partial nitrification in BASR since this can be done by varying the superficial gas velocity or by partial recirculation of the off-gas 87 . In a study done by Van Benthum et al., they concluded that in BASR, it is possible to have process and oxygen control to force the nitrification, thereby saving needed COD 20 .
Sequencing batch biofilm reactor (SBBR)
The sequencing batch biofilm reactor (SBBR) system is a biofilm technology which has attracted much attention because of its ability to take advantage of being both a biofilm reactor and a sequencing batch reactor 88 . The SBBR system shows higher biomass concentration in the reactor, with corresponding higher specific removal rates and less sludge production, higher volumetric loads, increased process stability towards shock loadings and biomass enrichment of slow-growing organisms, such as nitrifiers than the competing technologies 89, 90 . The SBBR is a fill and draw reactor where the biomass is fixed on a support medium. In this system, wastewater is added to a single batch reactor and treated to remove undesirable components before discharge 89 . As compared to most activated sludge sequencing batch reactor (SBR) systems, which require the settling period to separate activated sludge, the SBBR system typically does not need settling and sludge recycling equipment, still maintaining high microbial concentrations inside the reactor 91 . The schematic of sequencing batch reactor mechanism is shown in Figure 5 .
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This article is protected by copyright. All rights reserved. 94 . Recently, an SBBR was designed for efficient enhanced biological phosphorus and nitrogen removal and is successfully scaled up to the pilot scale 95 . The implementation of nitrification into this type of reactor is a challenging but desired step in saving reactor volume and costs. As for nitrification and phosphorus removal, both processes consume oxygen, hence the organisms in such a system are potentially subjected to competition for oxygen 96 .
Nitrification and nitrifying bacteria were always restricted to the periodically oxic biofilm surface. Both activity and population size increased significantly with higher ammonium concentrations. Nitrification always showed a delay after the onset of aeration, most likely due to competition for oxygen by the co-existing phosphorus accumulating and other heterotrophic bacteria during the initial aeration phase. This view is also supported by comparing oxygen penetration and oxygen uptake rates under low and high ammonium conditions. Therefore, simultaneous nitrification and phosphorus removal in a phosphorus removing SBBR appear to be only possible with a sufficiently longer oxic
period to ensure oxygen availability for nitrifiers 97 . Malaspina et al. found that SBBR showed high N-removal capacity with excellent sludge settling properties. On the other hand, organic carbon removal efficiency with nitrate was lower than with oxygen. Also, batch biofilm nitrification was very effective, with very high nitrification rates 98 .
In conventional biofilm reactors, autotrophic nitrifying organisms may be excluded from the oxic layer of the biofilm due to the faster growth of heterotrophs. As a result, substantial nitrification only occurs when the carbon substrate loading rate of the wastewater is low 66 . Zuniga and Martinez reported an efficient phosphate removal and complete nitrification using SBBR 99 . According to Wei et al., partial nitrification was successfully achieved and maintained in an SBBR 100 . Although fixed-bed reactors have been shown to be capable of treating a variety of wastewaters, the real-world applications of SBBRs are limited due to several drawbacks of the system itself. For example, the fixed bed is easily clogged 101 . Recently, it was suggested that moving bed biofilm reactors (MBBRs) could be operated in a sequencing batch mode, in order to benefit from the advantages of both processes (Table 2) 
Operating conditions in biofilm reactors
The influence of operational parameters on the nitrification of the biofilm is illustrated in The polymerase chain reaction and denaturing gradient gel electrophoresis (PCR-DGGE)
is a method for identifying the most abundant bacteria in the bioreactors system 108 .
Conventional PCR can provide information on the presence of certain microorganisms but does not provide any information on abundance. Recently, quantitative real-time PCR achieved the highest constants for specific biotransformation rate and the biofilm with least thickness (50 μm) showed the highest nitrification rate 111 .
Cost factors
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This article is protected by copyright. All rights reserved. reported the higher sensitivity of nitrification in the MBBR to the variation of oxygen concentration compared to other biofilm reactors. Due to this sensitivity, the nitrifying moving bed reactor is generally operated at a higher oxygen concentration to reduce the reactor size and consequently, the construction costs 45, 54 . Cost of membrane replacement is the main economic obstacle to commercial scales. However, the decreasing trend observed in the cost of the commercial membrane in recent years and also increase in the Accepted Article cost of energy is promising to make the membrane bioreactors more attractive. In conclusion, more laboratory scale and recent pilot scale data are required to generate realworld data for economic evaluation.
Conclusion and Future work
The conventional process for nitrogen removal from wastewater comprised of autotrophic nitrification and heterotrophic denitrification. Due to high consumption of energy and carbon source, more research is needed for development and implementation of economically efficient processes. The different biofilm reactors, such as moving bed reactor, membrane aerated biofilm reactor, biofilm airlift suspension reactor and sequencing batch reactor are widely used for a number of wastewater treatment applications. To date, they are particularly suitable due to their high-rate nitrification and nitrogen removal in the laboratory and large-scale demonstrations. There are a large number of reports comparing the performance of biofilm reactors as a promising technology to achieve high efficiency in nutrient removal. Briefly, the sequencing batch biofilm reactor is a very useful system due to its low cost and the flexibility of its operation. The moving bed biofilm reactor is also an equally efficient system since it promotes the development of biomass and does not produce a large amount of sludge compared to other systems. The membrane aerated biofilm reactor provides an optimal concentration of oxygen to the biomass. And finally, the biofilm airlift suspension reactor is a system that allows a high mass and oxygen transfer rate and it has a high nitrification capacity.
Recent investigations on the modeling and engineering aspects of different biofilm reactors indicated the significance (P < 0.05) of the placement of individual microbial
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layers in biofilms. Understanding the processes affecting the placement of these individual layers are required for reactors' scale-up and also for the selection of the optimum conditions.
Despite the commercial implementation of biofilm reactors for wastewater treatment and production of value-added products, the knowledge of fundamentals of biofilm formation and physicochemical properties of a biofilm is required to run the reactor at optimum conditions. Moreover, the stable productivity of bioreactor can only be achieved through optimum reactor design and by improving solid supports for homogeneous distribution of the biofilm. In addition to the above-mentioned significant factors, other parameters, such as wastewater characteristics, biofilm composition/structure, and carrier-biofilm interaction must be considered for each product and microorganism to skip the restrictions imposed by diffusion, biomass activity, etc. 
